In typical binocular rivalry demonstrations, disparate images presented in corresponding locations to the two eyes are found to alternate perceptually over time. Alternation in perception can occur even if the images presented to the two eyes do not overlap, if they are sufficiently close in space. This implies a spatial spread in the interocular interaction. The current set of experiments explores how the luminance pattern of a target, in relation to a rivalrous suppressor, affects its susceptibility to suppression. It was found that the susceptibility to suppression of a target pattern was nonlinearly related to the amount of luminance variation along the target in the direction perpendicular to the suppressing stimulus. For instance, there was a strong effect of the orientation of the grating pattern within the target on the total time of suppression, with much more suppression for horizontal gratings than vertical gratings when suppressor bars were oriented vertically, regardless of the luminance pattern within the suppressors. Furthermore, it was shown that the inclusion of a spatial gap between the vertical suppressors and the central portion of the target does more than simply change the spatial relationships, it adds new figural information, such as vertically orientated edges in the targets, that modify the susceptibility to suppression of the target, thereby interfering with measurements of spatial interaction functions. All of the results are consistent with selectively suppressing stimulus information that would interfere with stereoscopic matching to aid the binocular fusion of disparate retinal images.
Introduction
When incongruous stimuli are presented to different eyes, alternations in perception occur wherein only one stimulus can be perceived while the other stimulus is suppressed from perception. The likely mechanism for such instances of exclusive perceptual dominance is interocular inhibition (e.g. Blake, 1989; Fox & Check, 1966) . This is because, in the suppressed eye, there is commonly found a reduction in contrast sensitivity (Blake & Camisa, 1979; Fox & Check, 1972; Hollins & Bailey, 1981; Norman, Norman, & Bilotta, 2000) and an increase in response time (Fox & Check, 1966) . Differential rates of suppression have been found for stimuli presented with different contrasts, spatial frequencies, and luminance values, amongst other things (see Blake, 2001 for review), as well as a particular observer's dominant or non-dominant eye (Collins & Blackwell, 1974) . This is consistent with stimuli having different relative ''strength", with stronger stimuli becoming dominant first and being dominant for longer total periods of time while weaker stimuli become dominant less frequently (Levelt's 2nd Law). Conversely, it can be looked at as weaker stimuli being suppressed more easily and stronger stimuli being suppressed less easily. However, the current study examines whether there also is specificity in what aspects of stimuli are affected by spatially-extended interocular suppression, potentially implicating an additional factor other than monocular stimulus information to the susceptibility to suppression of a target stimulus.
A number of studies have shown that interocular interaction is not an entirely local process but extends some distance away from the suppressing stimulus. A spatial spread in interaction can account for spatially-extended dominance of one eye's stimulus over another (Blake, O'Shea, & Mueller, 1992; O'Shea, Sims, & Govan, 1997) and traveling waves of dominance (Wilson, Blake, & Lee, 2001) . Previous measurements of the suppression field extending away from a monocular stimulus have found it to be effective within 1.5° (Kaufman, 1963; Liu & Schor, 1994) , though maximally so within 15 min, yet the complete suppression of large, centrally fixated grating patterns of up to 7°across has also been reported (Nichols & Wilson, 2009 ). This discrepancy might be based on the type of stimuli that have been used to measure the inhibition field. Previous studies have typically used thin lines for the target pattern that was suppressed, but Nichols and Wilson (2009) used a centrally fixated, circular patch of sinusoidal grating. The current study uses rather large bars composed of different luminance profiles, i.e. uniform luminance, sinusoidal gratings, or random noise patterns. This modification allows for the exploration of how the spatial suppression of a target is affected by the nature of the lumi- nance pattern within the target. It will be shown that some stimulus patterns are much more susceptible to suppression than others, with the largest determining factor being the luminance variation within the target along the direction perpendicular to the suppressor.
Experiment 1: Effect of target luminance profile
The luminance profile of a monocular target pattern was varied to determine how its susceptibility to suppression by flanking stimuli presented to the other eye would change. The manipulation is akin to asking what determines the strength of the target pattern, as 'stronger' stimuli have been shown to remain visible for longer periods of time, with stimulus strength known to increase with contrast (Hollins, 1980; Whittle, 1965) , spatial frequency (Andrews & Purves, 1997; Liu & Schor, 1994) , and focus (Arnold, Grove, & Wallis, 2007) as well as higher luminance and greater spatial frequency range (Fahle, 1982) . However, in the previous studies, the spatial properties of the target stimulus co-varied with the manipulated variable, such as size varying with spatial frequency and contrast. Here, the size of the target stimulus, as well as the sharpness of its edges, remained fixed, with only the luminance pattern within the target varying. In this way, three broad classes of stimuli were compared: (1) a bar of uniform luminance, which has broadband spatial frequency content, but no luminance variation within the target bar itself, (2) random noise, which has distributed spatial frequency content, and (3) sinusoidal gratings, which have narrowband spatial frequency content.
Participants
Three individuals, including one of the authors, participated, with all but the author naïve to the purposes of the study. All were well practiced in psychophysical experiments and had normal or corrected-to-normal vision. Those who required glasses wore them during all experimental sessions.
Stimuli
The stimulus paradigm was a modification of the suppression field stimuli used by Kaufman (1963) and Liu and Schor (1994) that consists of a target pattern with an orthogonal orientation to two suppressor patterns. A centrally fixated horizontal bar was presented to one eye and two vertical bars, symmetrically spaced around the fixation location, were presented to the other eye. Examples of the different stimulus conditions are shown in the legend of Fig. 1 and anaglyph versions of the stimuli can be seen in Supplementary Fig. 1 . A binocular fixation dot (light gray; luminance = 70 cd/m 2 ) was always centered within the horizontal bar, which also corresponded to the center of the screen. The luminance pattern of the horizontal target bar (10.0°wide, 1.0°high) varied from trial to trial, and was either (A) a uniform dark gray (luminance = 17.5 cd/m 2 , half the luminance of the background), (B) a sinusoidal grating oriented horizontally (spatial frequency of 2 cpd, Michelson contrast of 0.5), (C) a sinusoidal grating oriented vertically (spatial frequency of 2 cpd, Michelson contrast of 0.5) and (D) a random noise pattern (50% light gray, 50% dark gray, Michelson contrast of 0.5). The phase of the grating patterns was random from trial to trial. The luminance pattern of the vertical suppressor bars (1.0°wide, 10.0°high) was a random noise pattern (50% light gray, 50% dark gray, with each pixel set randomly to one of these two luminance values, Michelson contrast of 0.5) independently determined for the two suppressors and different from trial to trial. The suppressors were spaced 1.5°, 2.0°, 3.0°, 4.0°, or 8.0°a
part, center-to-center, which resulted in a region 0.5°, 1.0°, 2.0°, 3.0°, or 7.0°wide of the target between the inner edges of the suppressors. All stimuli were presented on a LaCie Electron 22Blue IV 22 in. monitor with 800 Â 600 resolution, 120 Hz refresh rate controlled by a Power Mac G5 computer running VPixx v2.20 software (VPixx Technologies Inc., Longueill, Canada, http://www.vpixx.com). Stimuli were viewed through Crystal Eyes 3 liquid crystal shutter glasses (StereoGraphics Corporation, REAL D Scientific Corp.) in a darkened room and the mean luminance of the monitor was 35 cd/m 2 (10 cd/m 2 measured through the shutter glasses). The amount of measured leakage between the two eyes for the shutter glasses was 6%.
Procedure
Participants pressed a key to begin a trial. They were instructed to maintain fixation on the dot in the center of the screen, which corresponded to the middle of the target. After the key was pressed, the target and suppressors appeared simultaneously. Participants pressed a key to indicate whenever the region of the target between the suppressors disappeared completely and then another key to indicate when any portion of this target area reappeared. Each trial lasted 20 s. Participants were instructed to rest whenever needed both between trials and between blocks.
Design
The combination of eye presentation (target in left-or righteye), luminance profile of target (uniform gray, horizontal grating, vertical grating, random noise), and the separation of the suppressors (0.5°, 1.0°, 2.0°, 3.0°, 7.0°, edge-to-edge) resulted in 40 distinct trials that were presented in random order. Collapsing across eye presentation, each combination of luminance profile and separation of suppressors was run two times in each of four blocks that lasted approximately 16 min each.
Results
Graphs of the total time of suppression per 20 s trial are shown for each participant in Fig. 1A -C and the group averages of the normalized data are shown in Fig. 1D . There is clearly an effect on the total period of suppression based on the luminance profile of the target bar, with longer suppression of target bars that contain horizontal gratings or uniform luminance compared to target bars that contain vertical gratings or random noise. There is also an effect of the separation of the suppressors, with the total time of suppression decreasing monotonically with increasing separation, consistent with previous findings (Collins & Blackwell, 1974; Kaufman, 1963) . To examine the statistical reliability of the effects of the luminance profile of the target bar on the total period of suppression, a repeated measures ANOVA was run with luminance profile conditions as the factor and the total period of suppression across separations as the dependent measure, after normalizing within each participant to the suppression time in the smallest separation for the uniform bar condition. The effect of the luminance profile condition was significant (F(3, 6) = 14.81, p < .01), so Tukey posthoc tests were conducted to ascertain which conditions were significantly different from one another. We found that the horizontal grating and uniform bar conditions showed significantly more suppression than the vertical grating and noise bar conditions (|q| > 5.0, p < .05), but the total amount of suppression for neither the horizontal grating and uniform bars, nor the vertical grating and noise bars were significantly different (|q| < 2.5, p > .4).
Consistent with the observed results, the total period of suppression is inversely related to the amount of luminance variation perpendicular to the suppressor. That is, there is no luminance variability for both the uniform luminance and horizontal gratings condition, but large variability for the vertical grating and the random noise condition. Bonneh and Sagi (1999) found that a pattern of Gabors with random orientations was dominant for longer than a pattern of Gabors with uniform orientations, similar to our distinction between random noise and horizontal gratings. However, they did not report any effect of the particular orientation of the uniform Gabors, even though orientation was manipulated as a control parameter. Note that the horizontal gratings and the vertical gratings have identical luminance variation in relation to the background, but differ in the amount of variation perpendicular to the orientation of the suppressor bars. While detection anisotropies have been found between horizontal and vertical carrier gratings in horizontal envelopes (Foley, Varadharajan, Koh, & Farias, 2007; Meese & Hess, 2007; Polat & Tyler, 1999) , these effects can be expected to be reduced at suprathreshold contrasts and to be much smaller than differences relative to the background between horizontal gratings and a uniform bar. This implies that it is not simply how distinct the target bar is from the background that determines its susceptibility of suppression, but that the orientation relationship between the target bar and the suppressor also matters.
However, caution must be taken at this point in extrapolating the current findings to a range of other situations due to the confounding factors of orientation of the target grating, orientation of the target bar, orientation of the suppressor bars, and orientation of the stimulus in general. Therefore, the following experiments examine each of these factors in further detail.
Experiment 2: Orientation of the grating pattern
In Experiment 1 it was found that a greater total time of suppression occurred when the orientation of the target grating was horizontal than when it was vertical. In Experiment 2, the orientation of the target pattern varies in order to measure the orientation tuning of the susceptibility to suppression of the target pattern.
Participants
Stimuli
The stimuli were of the same form and dimensions as in Experiment 1, with random noise defining the suppression bars, but now all target patterns were defined by a grating pattern. The orientation of the target grating pattern varied from À90°(vertical), through 0°(horizontal), to 90°(vertical), in steps of 22.5°.
Procedure
The procedure was the same as in Experiment 1.
Design
The combination of eye presentation (target in left-or righteye), orientation of the target grating (±90°, ±67.5°, ±45°, ±22.5°, ±0°), and the separation of the suppressors (1.0°, 2.0°, 3.0°, edgeto-edge) resulted in 60 distinct trials that were presented in random order. Collapsing across eye presentation, each combination of orientation and separation of suppressors was run two times in each of four blocks that lasted approximately 20 min each.
Results
The total period of suppression (summing across the separation of the suppressors) peaked for a grating orientation of 0°(horizontal) and decreased monotonically as the orientation moved further away from 0°(see Fig. 2 ). After normalizing the total suppression time for each subject by dividing through by the period of suppression for horizontal grating patterns, the rate at which suppression dropped off as a function of orientation was assessed by fitting the normalized data across subjects with a Gaussian: y ¼ expðÀh 2 =2r 2 Þ, where h is the grating orientation and r, which was varied in order to achieve the best fit to the data, is the standard deviation of the Gaussian. The 95% confidence interval on the grating orientation resulting in half of the maximum amount of suppression is (25.3°, 33.7°), determined by bootstrapping the normalized data 10,000 times (Mooney & Duval, 1993) . This orientation bandwidth is similar to estimates of tuning curves in orientation-selective cells in striate cortex (e.g. De Valois, Yund, & Hepler, 1982) and psychophysical estimates of V1 orientation bandwidths using masking (Phillips & Wilson, 1984) . This suggests specificity in the neural populations that receive interocular suppression from vertically oriented suppressors, namely, those responsive to horizontal orientations.
Experiment 3: Orientation of the target
Very different total periods of suppression were found for target bars defined by horizontal and vertical grating patterns in Experiment 1 and the total period of suppression varied smoothly with orientation in Experiment 2, even though the targets contained sinusoidal gratings with the same contrast and spatial frequency. So far, we have concluded that the susceptibility to suppression of a target is inversely related to the amount of luminance variation in only the direction that is perpendicular to the orientation of the suppressors because neurons responsive to perpendicular orientations are selectively suppressed. This possibility was explicitly tested against the alternative explanation that it is simply an orientation effect of the target pattern itself by varying the orientation of both the suppressors and the target bars, in addition to varying the orientation of the grating pattern. Furthermore, grating patterns were also used to define the suppressor bars in order to examine potential interactions between the orientation of grating patterns defining the suppressors and the target bar.
Participants
The participants were the same as in Experiment 1.
Stimuli
The size of the suppressors and target bar were the same as in Experiment 1, but with the orientation of both rotated 90°for half of the trials. Thus, both horizontal and vertical targets were tested, with the suppressors always oriented perpendicular to the target bar. The luminance profile of both the suppressors and the target was a sinusoidal grating with the same parameter values as in Experiment 1 (2 cpd, 0.5 Michelson contrast). The gratings were independently horizontal or vertical in the suppressors and target, so the orientations were either identical or orthogonal. The phase of the grating in the target bar was randomly determined for each trial, but the phase of the suppressors was constrained to always be 180°out of phase with the target bar in order to induce the greatest amount of rivalry when the grating patterns were of the same orientation.
Procedure
Design
The combination of eye presentation (target in left-or righteye), separation of the suppressors (1.0°, 2.0°, 3.0°, edge-to-edge), orientation of the target bar (horizontal or vertical), and orientation of the grating patterns (both horizontal; both vertical; target horizontal, suppressors vertical; target vertical, suppressors horizontal) resulted in 48 distinct trials that were presented in random order one time each. Collapsing across eye presentation, each combination of separation of suppressors, orientation of the gratings, and orientation of the target bar was run two times in each of four blocks that lasted approximately 20 min each.
Results
A greater total period of suppression was found when the suppressor bars were vertical (target bar was horizontal) compared to when they were horizontal (target bar was vertical), consistent with previous findings (Collins & Blackwell, 1974; Fahle, 1982; Kaufman, 1963) . Of particular interest here was the interaction between the orientation of the gratings within the target bar in relation to the orientation of the target bar itself. It is clearly shown in Fig. 3A that there is a far greater total time of suppression for horizontal compared to vertical target gratings when the suppressor bars were oriented vertically (target bar horizontal), but the inverse for horizontally oriented suppressor bars (target bar vertical). Therefore, far greater susceptibility to suppression was found whenever the target gratings were perpendicular to the orientation of the suppressor bars compared to when they were parallel (Fig. 3B) .
Given that whenever the orientation of the suppressors was vertical, the orientation of the target bar was horizontal, it is unclear whether the major determinant in the total period of suppression is actually the orientation of the target grating in relation to the orientation of the suppressor bars or the target bar. That is, whenever the target grating is perpendicular to the orientation of the suppressors, it is also parallel to the orientation of the target bar, and vice versa. Therefore, additional conditions with identical stimuli and procedure, except that the target 'bar' was a 7 Â 7°square, were run to remove the relationship between the orientation of the target grating and the target bar. The prominent finding again was that there was far greater susceptibility to suppression when the target pattern was perpendicular to the orientation of the suppressor bars, compared to when it was parallel (Fig. 3C) . Thus, it is most likely the relationship between the orientation of the target pattern and the orientation of the suppressor bars that determines the magnitude of the suppressive effect.
In regards to the orientation of the grating pattern within the suppressors, there is a trend for a higher total period of suppression when the orientation of the grating is perpendicular to the orientation of the suppressor bar itself, irrespective of the orientation of the grating within the target bar, although this pattern did not reach statistical significance for all types of stimuli. Another potential effect on the total period of suppression is the relationship between the orientation of the gratings within the target and suppressor bars. In particular, some fusion may have occurred when the pattern gratings were of the same orientation in the target and suppressor bars, which would be expected to reduce the total period of suppression (Fox & Check, 1966; Nichols & Wilson, 2009) . However, this effect would be small compared to the effect of the orientation of the target pattern with respect to the suppressor bar orientation (Fig. 3B) , and also was found to be inconsistent for the vertical and horizontal orientations of the target bar (Fig. 3A) . That is, the lowest total period of suppression was observed when both pattern gratings were vertical for the horizontal target bars (Fig. 3A , left-hand graph, black squares), thus allowing for horizontal fusion, but the greatest total period of suppression was observed when both pattern gratings were vertical for the vertical target bars (Fig. 3A , right-hand graph, black squares), also allowing for horizontal fusion. Therefore, the effects of the orienta- tion of the grating within the suppressor bars were smaller and less consistent than those of the effects of the orientation of the grating within the target bar.
Experiment 4: Inclusion of a gap
When a horizontal target bar was defined by a uniform luminance or grating patterns with an orientation perpendicular to the orientation of the suppressor bars, significant total periods of suppression were observed for suppressor separations up to 3°(Experiment 1). This suggests the possibility of rather large fields of suppression that can directly suppress the center of the target pattern, although less effectively than they suppress the portion of the target pattern closer to the suppressors. Previous research has indicated that a small gap between a suppressive surround and a central target pattern can significantly affect the amount of suppressive (or facilitative) influence of the surround on the central pattern (Fukuda & Blake, 1992; Wilke, Logothetis, & Leopold, 2003) . This would seem to indicate a rather small spatial spread of interaction, if it is inferred that the main effect of the gap is to decrease the spatial proximity between the target and the surround. However, the effectiveness of the suppressors was shown in the above experiments to decrease drastically when the target bar was defined by random noise or a grating pattern that varies in luminance along the perpendicular direction in relation to the suppressors. This suggests that the pattern of luminance along the target bar determines whether or not suppression of the center portion occurs, not just the distance of the central target from the flanking suppressors.
A gap may inadvertently be increasing the stimulus strength of the target by making it more distinct from the background. To examine whether the gap simply modifies spatial relationships or significantly increases the strength of the target pattern, gaps of different sizes were included between the suppressors and the central portion of the target bar (see Fig. 4A ). If the main effect of the gap is to separate the target from the suppressive effect of the surrounding bars, then the smallest gap size that shows significant suppression can be taken as the upper limit of the width of the suppression field. However, if the main effect of the gap is to increase luminance variation along the direction perpendicular to the surrounding bars, then a gap of any size may significantly increase the stimulus strength of the target and therefore reduce the amount of suppression.
Participants
The participants were the same as in Experiments 1 and 3.
Stimuli
The stimuli were similar to those used in Experiment 1, with two main exceptions. First, the luminance profile of the target was always a horizontal grating, the condition that showed the greatest total time of suppression. Second, gaps within the target were included on some trials. The gaps were areas of uniform luminance equal to that of the background. The outer edge of the gaps corresponded to the inner edge of the suppressors. Therefore, the absolute distance between the center of the target and the suppressors remained constant across gap sizes, as did the amount of overlap between the suppressors and the target. When the edge-to-edge separation of the suppressors was 1.0°, the width of the gaps was 0°, 0.05°, 0.1°, 0.2°, or 0.3°. When the edge-to-edge separation of the suppressors was 2.0°, the width of the gaps was 0°, 0.075°, 0.15°, 0.3°, or 0.45°.
Procedure
Design
The combination of eye presentation (target in left-or righteye), separation of the suppressors (1.0°, 2.0°), and size of the gap (5 values) resulted in 20 distinct trials that were presented in random order one time each. Collapsing across eye presentation, each combination of separation of suppressors and size of the gap was run two times in each of four blocks that lasted approximately 8 min each.
Results
A graph of the group average of the normalized total period of suppression for the different gap sizes is shown in Fig. 4 . Suppression quickly dissipated for gaps of any size (smallest used was 0.05°; 2 pixels). A repeated measures ANOVA on the normalized data, collapsing across the two separations, confirmed that there was a significant effect of the size of the gap (F(4, 20) = 93.98, p < .001), so Tukey post-hoc testing was conducted to see which sizes were different from one another. The total period of suppression was significantly higher in the no gap condition compared to all of the other conditions with a gap (|q| > 18.4, p < .001), and the smallest gap size was also significantly different from the largest gap size (|q| = 4.6, p < .05).
As the smallest gap sizes tested (0.05°with 1.0°separation and 0.075 with 2.0°separation) already showed a greater than 75% decrease from the no gap condition in the total period of suppression, the main effect of the gap is unlikely to be a change in the spatial relationship between the suppressors and the target, nullifying the concept of a 'protection zone' (Wilke et al., 2003) . Rather, it suggests that the reduction in suppression of the target is likely due to a strengthening of the stimulus caused by redefining the central portion of the target as an object distinct from those portions of the target undergoing rivalry with the suppressors. Similarly, Ooi & He, 2006 , showed that what is necessary to invoke rivalry of disparate images to the two eyes is a conflict in local object representation, not simply differences in local luminance variation. Our current results suggest that gaps serve to define which local parts of the visual image are in conflict. While a reduction in suppression from visibility could be due to either an increase in stimulus strength or a reduction in suppression strength, we tend to favor the former, in part based on the results of the following experiment.
Experiment 5: Position of the gap
In Experiment 4, it was shown that even very small gaps between the suppressor bar and the central region of the target bar drastically reduced the total period of suppression. This argues against the main effect of the gap as placing the target outside of the suppressive influence of the surround bars and is consistent with the proposition that the gap primarily serves to increase the stimulus strength of the target. However, it leaves open the question as to how stimulus strength is affected by luminance variation, i.e. what portion of the target bar is involved in determining its resistance to the suppressive effects of the surrounding bars. If luminance variation is simply calculated along the entirety of the target bar, then the specific location of the gap will have little effect on the total time of suppression. If, however, the suppressive effect of the surround bars is modulated in a nonlinear fashion by the local variation in luminance, then the specific location of the gap would matter greatly. Given the cortical magnification in V1 of the foveal representation relative to the periphery (Horton & Hoyt, 1991) , it is likely that luminance variation near fixation would be disproportionately weighted relative to more eccentric luminance variation. If this were the case, then suppression will be lowest when the gap is near the center of the target bar and increase as the gap moves further away from the center.
Participants
Three individuals, including one of the authors, participated, with all but the author naïve to the purposes of the study. Those who required glasses wore them during all experimental sessions.
Stimuli
The stimuli were the same as those used in Experiment 4, except that only a single, small gap size was used for each suppressor separation and the position of the gap varied. The width of the gap was 0.1°when the edge-to-edge separation of the suppressors was 1.0°, and 0.15°when the edge-to-edge separation of the suppressors was 2.0°. The position of the gap varied from completely within the central portion of the target (negative position values), to further out than the suppressor bars (large positive position values), including a replication of Experiment 4 where the outer edge of the gap corresponded to the inner edge of the suppressor bar (0 position). The condition without a gap was also included to serve as a baseline for the magnitude of the reduction in suppression.
Procedure
Design
The combination of eye presentation (target in left-or righteye), separation of the suppressors (1.0°, 2.0°), and location of the gap (seven values, plus the no gap condition) resulted in 32 distinct trials that were presented in random order one time each. Collapsing across eye presentation, each combination of separation of suppressors and size of the gap was run two times in each of four blocks that lasted approximately 10 min each.
Results
It was found that the total period of suppression was significantly reduced when the gap was located near the central portion of the target, whether or not it was adjacent to the inner edge of the suppressor bars (Fig. 5) . For more peripheral positions of the gap, the total period of suppression was at levels not significantly different from when there was no gap, even when the gap was not completely outside of the suppressors. A two-way, repeated measures ANOVA on the normalized data, with the position of the gap and the separation of the suppressors as the factors and the total period of suppression as the dependent measure, showed that there was a significant main effect of gap position (F(7, 14) = 11.8, p < .001), and a main effect of separation of the suppressors (F(1, 2) = 18.2, p = .05), but the interaction (F(7, 14) < 1) was not significant. Therefore the data were collapsed across the separation of the suppressors for Dunnett posthoc testing, with the no gap condition as the reference group. A significant reduction (p < .05) in the amount of suppression was observed for the four most central gap positions (À.20, 0, .10, .25). Additionally, the same pattern of results was found even when a 'gap' of random noise was used instead of a gap filled with the background luminance, such that the entire target bar was distinct from the background. This is again consistent with the main effect of the gap being the strengthening of the target by increasing the luminance variability in the target eye.
Experiment 6: Measurements of inhibition fields using flash suppression
Flash suppression allows for more precise timing in the onset of perceptual dominance than is possible with binocular rivalry, as the flashed stimulus immediately becomes dominant over the previously adapted stimulus (Tsuchiya, Koch, Gilroy, & Blake, 2006; Wolfe, 1984) . Deeper suppression has been found with flash suppression than with binocular rivalry (Tsuchiya et al., 2006) and suppression occurs over a greater distance with flash suppression (Nichols & Wilson, 2009) , both consistent with a greater stimulus strength of the suppressors for the transient onset of the stimulus in flash suppression compared to the sustained presentation of the stimulus in binocular rivalry. Therefore, greater suppressive strength of the surround bars may allow for the suppression of the central portion of the target gratings even with the inclusion of a gap, which was found to be very resistant to suppression in Experiment 4.
Participants
Three individuals, including one of the authors, participated, two of whom also participated in earlier experiments. The third participant was naïve to the purposes of the study, but well practiced in psychophysical studies.
Stimuli
Stimuli were similar to those used in Experiment 3, with the target bars oriented either horizontally or vertically, and with a gap either included (0.3°) or not included, as in Experiment 4, but only a subset of the luminance pattern conditions were used, with the suppressor bars always containing random noise and the orientation of the grating in the target bar always perpendicular to the orientation of the suppressor bars.
Procedure
Each trial consisted of an adaptation phase, a test phase, and a response period. For the adaptation phase, which lasted for either 1 or 7 s, the target bar and fixation point were presented to one eye, with a uniform field, save the fixation point, presented to the other eye. The test phase, which consisted of the presentation of suppressor bars in one eye and the target bar in the other eye, was presented for 0.5 s. Then the entire stimulus was removed for an indefinite response period. After a response was made, the adaptation phase for the next trial immediately began.
The appearance of the suppressor bars was salient enough to serve as an indicator for the start of the test period. After the test period was over, i.e. when the stimulus was removed, participants reported whether or not the region of the target bar between the suppressor bars disappeared completely from visibility.
Design
The combination of eye presentation (target in left-or righteye), orientation of the target bar (horizontal or vertical), inclusion of a gap (present or absent), duration of the adaptation phase (1 or 7 s), and separation between suppressors (4 values), resulted in 64 distinct trials that were presented in random order two times each. Collapsing across eye presentation, each combination of stimulus orientation, inclusion of a gap, and separation of suppressors was run four times in each of four blocks that lasted approximately 12 min each.
Results
The group average of the frequency of suppression for the different stimulus orientations are shown in Fig. 6 . Data were combined across participants because their results were very consistent. An asymmetry in the spread in suppression for vertical and horizontal suppressor bars was observed, as in Experiment 3. Contrary to expectations, the inclusion of a small gap again essentially excluded the possibility of suppression of the inner section of the target bar. That is, the increase in the strength of suppression due to the flash suppression methodology was insufficient to overcome the increase in strength of the target caused by the inclusion of a gap. It is worth noting that the outer sections of the target bars were often suppressed when a gap was present, even though the inner section remained visible. Of primary interest here is the fact that large areas of the target bar (on 50% of trials for separations up to 4.0°) could be entirely suppressed from visibility when the target bar was adapted for long durations if there was no gap, indicating suppressive fields that can extend over 2.0°away from the suppressor bars. The difference in the spread of suppression observed between binocular rivalry and flash suppression is likely a multiplicative scaling of the interocular suppression, as the relative pattern of results is the same for both methodologies. This is consistent with both binocular rivalry and flash suppression being based on the same interocular competition mechanisms, but with flash suppression leading to greater suppression due to the transient nature of the stimulation (Nichols & Wilson, 2009 ).
General discussion
Susceptibility to suppression was shown to depend on the luminance profile that defines the target, the orientation of the suppressors, and the inclusion of a small gap. The basic pattern of results implies a specificity of interocular suppression to neurons responsive to orientations perpendicular to the local edge of the suppressing stimulus. That is, horizontal orientations are selectively suppressed to the left and the right of the suppressor whereas vertical orientations are suppressed above and below the suppressor. The role this pattern of spatially-extended interocular suppression may play in normal binocular vision will be discussed in more detail below, but first, an alternative explanation of the findings as being due simply to differences in monocular stimulus energy will be ruled out.
Stimuli with greater stimulus strength tend to be suppressed for shorter periods of time when in direct, overlapping rivalry, so they would also be expected to be suppressed less often when spatially offset from a rivalrous pattern in the other eye. Greater stimulus strength for the perpendicular patterns is possible due to their broader frequency spectrum, as a function of orientated energy (see Supplementary Fig. 2) , that results from a spatially restricted target pattern, i.e. imposition of an envelope on the carrier pattern. However, the fact that the same pattern of results was found when the target stimulus was a square as when it was an elongated rectangle (Experiment 3; additional results) indicates that neither the total amount nor the distribution of stimulus energy alone accounts for the entirety of the orientation dependence. Also, the inclusion of a gap along the target bar increases both the amount and the distribution of stimulus energy in the Fourier power spec-trum. However, the changes in the distribution of the energy with the inclusion of a gap is smaller than changing the orientation from horizontal to vertical, while the increase in the amount of energy is larger, yet the decrease in suppression is of a similar magnitude (see Supplementary Fig. 2A) . Furthermore, the shift of the position of the gap along the target bar has minimal effect on the distribution of the stimulus energy, yet it has a large effect on the total time of suppression. Additionally, gratings perpendicular to the orientation of the suppressors would be expected to be a strong stimulus due to collinear facilitation along the grating (Alais & Blake, 1999; Polat & Sagi, 1993 ), yet suppression occurred easily for them. All together, there is a strong implication for the involvement of a mechanism that is not simply reflected in the amount nor the orientation of the stimulus energy.
Orientation selectivity in interocular suppression is the likely mechanism that accounts for our results. As noted above, stimuli with an orientation orthogonal to the local edge of the rivalrous stimulus are selectively suppressed, thus sparing parallel orientations in the other eye. While related to the fact that rivalry is strong between orthogonal lines and weak between parallel lines presented to different eyes, the current results extend this principle to indicate that the pattern that defines the lines, not their relative orientation, affects susceptibility to suppression. Also remember that it is the overlapping between the vertical suppressor bars and the horizontal target bar that leads to rivalry, not the patterns within the bars, thus the experiments presented here are focusing on what aspects of stimuli are suppressed other than just those that instigated the rivalry.
Given the physical separation between where rivalry is occurring and where we are measuring suppression, it is important to consider the potential effects of traveling waves of rivalry. Traveling waves of rivalry dominance have been observed both psychophysically (Kang, Heeger, & Blake, 2009; Wilson, Blake, & Lee, 2001 ) and using fMRI (Lee, Blake, & Heeger, 2005 , indicating that switches in perceptual dominance move progressively further away from a local trigger. However, as the propagation of rivalry dominance is explained by spatial disinhibition of the newly dominant stimulus (Wilson, Blake, & Lee, 2001) , traveling waves would not be expected to occur when only a single monocular grating was used, as was done in the current set of experiments. In fact, under similar conditions where a high contrast grating was presented to one eye and a uniform field was viewed by the other, traveling waves were not observed (Nichols & Wilson, 2009 ). Since traveling waves of disinhibition are not observed for monocular gratings, the current results can be interpreted as representing the spatial extent of an interocular suppression field.
Even though traveling waves of rivalry are unlikely to be influencing the results of the current experiments, the findings are still relevant for interpreting results where rivalry waves can be expected to occur. For instance, it has previously been found that gaps retard the propagation of traveling waves (Wilson, Blake, & Lee, 2001 ). Recently, Kang, Heeger and Blake (2009) , found that with gaps of different sizes, traveling waves are less likely to occur and possibly slow down. While they used gaps of 0.5°and 1.0°, we found that complete suppression of a monocular target bar was drastically reduced with a gap size only one-tenth the size. We believe that this speaks to the differences in sensitivity of effects measured using traveling waves during binocular rivalry and those measured using complete suppression of non-overlapping monocular target regions. Specifically, to affect traveling wave speeds may require only small biases in the spread of either facilitation or inhibition, whereas complete suppression of a monocular target requires inhibition to be at more substantial levels. Therefore, the measures of suppression fields that we find will predominately represent the width of large magnitude suppression, whereas utilizing traveling waves may help in determining the full width of the fields. Similar orientation selectivity in what is suppressed in the nondominant eye has not generally been shown in previous binocular rivalry studies, as it was commonly found that suppression was non-selective (Blake & Camisa, 1979; Fox & Check, 1972) . However, previous studies have looked at situations where test probes were located in the same spatial location as the stimuli undergoing rivalry. Similarly, we found that targets containing gratings of any orientation could be suppressed if they were physically close enough to the suppressing stimuli, indicating a non-selective range in interocular suppression that is substantially smaller than the orientation-selective extended range that we observe here.
Our results are also distinct from, though not contradictory to, recent findings that suggest interocular suppression is actually strongest for similar orientations. That is, dichoptic gratings exhibit the greatest amount of interocular masking psychophysically (Baker & Graf, 2009; Baker & Meese, 2007) and the greatest reduction in BOLD response in neuroimaging (Moradi & Heeger, 2009) when the orientations are similar compared to orthogonal. However, gratings with similar orientations fuse into a constant representation rather than rival (Fox & Check, 1966 ) and therefore do not oscillate in amplitude, nor do they suppress from visibility nearby monocular gratings (Nichols & Wilson, 2009 ). The likely cause of the discrepancy is the use of the term ''interocular suppression" both for suppression from visibility during binocular rivalry, which is maximum for orthogonal gratings, and response normalization of each monocular input, which is maximum for similarly oriented gratings. The particularly large magnitude of the response normalization seems to be used by the visual system to maintain a stable representation of the world at similar activation levels when viewing the world through one or two eyes (e.g. Moradi & Heeger, 2009 ). Binocular rivalry is an inherently different process, as it requires discrepancies between the views of the world of the two eyes and leads to unstable perceptual alternations. These distinct sets of results actually provide complementary information about our visual processing, reflecting different inhibitory interactions between similar sets of monocular neurons.
Selective suppression of perpendicular orientations would be useful if the point of such interocular interactions was to aid binocular fusion. That is, inhibiting neurons responsive to orthogonal orientations in order to foster binocular matching with parallel orientations in the other eye. Consistent with this are findings that binocular fusion predominates over rivalry (Blake & Boothroyd, 1985; Harrad, McKee, Blake, & Yang, 1994) and the theory that rivalry only occurs if binocular fusion fails (e.g. Blake, 1989) . The current findings extend this concept to suggest that binocular rivalry may also aid in establishing stereoscopic matches between the eyes. Thus, stereoscopic vision and binocular rivalry may operate during different conditions of correlated and uncorrelated retinal images (Hayashi, Maeda, Shimojo, & Tachi, 2004; Julesz & Tyler, 1976 ), but they also work together to establish a single plausible interpretation of the external world.
